Delay in hematologic recovery after bone marrow transplantation (BMT) can extend and amplify the risks of infection and hemorrhage, compromise patients' survival, and increase the duration and cost of hospitalization. Because current studies suggest that granulocyte-macrophage (GM) colony-stimulating factor (CSF) may potentiate the sensitivity of hematopoietic progenitor cells t o G-CSF, we performed a prospective, randomized trial comparing GM-CSF (250 pg/m2/d x 14 days) versus sequential GM-CSF x 7 days followed by G-CSF (5 pg/kg/d x 7 days) as treatment for primary or secondary graft failure after BMT. Eligibility criteria included failure t o achieve a white blood cell (WBC) count =lOO/pL by day +21 or r3OOlpL by day +28, no absolute neutrophil count (ANC) =2OO/pL by day +28, or secondary sustained neutropenia after initial engraftment. Forty-seven patients were enrolled: 23 received GM-CSF ( I O unrelated, 8 related allogeneic, and 5 autologous), and 24 received GM-CSF followed by G-CSF (12 unrelated, 7 related allogeneic, and 5 autologous). For patients receiving GM-CSF alone, neutrophil recovery (ANC =500/pL) occurred between 2 and 61 days (median, 8 days) after therapy, while those receiving GM-CSF + G-CSF recovered at a similar rate of 1 t o 36 days (median, 6 days; P = .39). Recovery t o red blood cell (RBC) transfusion independence was slow, occurring 6 t o 250 days (median, 35 days) after enrollment with no significant
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Similarly, platelet transfusion independence was delayed until 4 t o 249 days (median, 32 days) after enrollment, with no difference between the two treatment groups (GM-CSF: median, 28 days; GM-CSF + G-CSF: median, 42 days; P = .38). Recovery times were not different between patients with unrelated donors and those with related donors or autologous transplant recipients. Survival at 100 days after enrollment was superior after treatment with GM-CSF alone. Only 1 of 23 patients treated with GM-CSF died versus 7 of 24 treated with GM-CSF + G-CSF who died 16 to 84 days (median, 38 days) after enrollment, yielding KaplanMeier 100-day survival estimates of 96% k 8% for GM-CSF versus 71% k 18% for GM-CSF + G-CSF ( P = ,026). These data suggest that sequential growth factor therapy with GM-CSF followed by G-CSF offers no advantage over GM-CSF alone in accelerating trilineage hematopoiesis or preventing lethal complications in patients with poor graft function after BMT. GM-CSF should still be considered the standard for graft failure against which other, newer growth factors, sequential treatments, or combination therapies are tested. tion of their effectiveness in promoting engraftment after BMT.4"0 Only limited data are available assessing their value in accelerating recovery and improving survival for patients with delayed or poorly functioning grafts after transplantation.""' Preclinical data suggest that early-acting growth factors such as GM-CSF, interleukin (IL)-3, or stem cell factor might increase the responsiveness of committed hematopoietic progenitors to later-acting factors such as G-CSF or erythropoietin."-** To evaluate the clinical value of this type of sequential growth factor therapy, we performed a formal, prospective, randomized, comparative trial of GM-CSF alone versus GM-CSF followed by G-CSF for stimulating hematologic recovery in patients with primary or secondary graft failure after BMT. This report describes the hematologic and clinical outcomes of this comparative trial.
PATIENTS AND METHODS
All patients with graft failure after BMT at the University of Minnesota (Minneapolis, MN) were eligible for this trial. Patients had received either autologous bone marrow or peripheral blood stem cells or were allogeneic transplant recipients (from either related or unrelated donors). Patients were eligible for enrollment if they met the following definitions of graft failure: (1) failure to achieve a leukocyte count of >100/pL by day +21 after transplantation, (2) failure to achieve a leukocyte count 2300/pL or an absolute neutrophil count (ANC) 2200/pL by day + 28; or (3) failure to maintain a mean ANC 2500/pL for 7 days after having previously achieved an ANC =-5OO/pL at any time beyond day +28 (secondary neutropenia). Patients receiving recombinant cytokines under different study protocols at the University of Minnesota (including a trial of were excluded until day +28, after which time they could be enrolled if still eligible because of graft failure. Patients undergoing allogeneic BMT for severe combined immunodeficiency (SCID) or familial erythrophagocytic lymphohistiocytosis (FEL), those receiving granulocyte transfusions, and those undergoing autologous BMT for acute nonlymphocytic leukemia (ANLL) and treated under Children's Cancer Group studies that specifically excluded cytokine use were ineligible. During the study period, seven eligible patients were not enrolled due to patient refusal (n = 3), attending physician preference (n = 3). and prior adverse reaction to GM-CSF (n = 1).
Eligible, consenting patients were assigned to receive either GM-CSF (250 pg/m2/d over 2 hours intravenously X 14 days) or GM-CSF (250 pg/m'/d over 2 hours intravenously X 7 days) followed immediately by G-CSF (5 pg/kg/d intravenously over 15 minutes x 7 days). This prospective, randomized enrollment was stratified into groups of either unrelated donor marrow recipients or other recipients that included recipients of either related donor allogeneic or autologous transplantation. All patients except one were enrolled for treatment for primary graft failure.
The primary endpoint for response to cytokine therapy was the development of a sustained ANC 2500/pL for 3 consecutive days. Secondary endpoints included recovery of red cells and platelets to transfusion-independence, adverse reactions to cytokine infusions, and 100-day survival. Patients not responding to the first 14 days of therapy were eligible for retreatment, as previously assigned, for a second full course. If graft failure was refractory to treatment, some patients subsequently received reinfusion of donor or back-up autologous ma~row.'~ In addition to these retransplanted patients, five others (three in the GM-CSF arm; two in the GM-CSF + G-CSF m ) continued their assigned growth factors beyond 14 days.
The trial was performed using the commercially available products (GM-CSF Immunex Corp, Seattle, WA; and G-CSF: Amgen, Thousand Oaks, CA) with no external funding from the manufacturers. The study protocol was reviewed and approved by the University of Minnesota Institutional Review Board: Human Subjects Committee, and all patients (or their parents) gave written informed consent.
Statistical analysis. Times to hematologic recovery and survival were evaluated by Kaplan-Meier calculations, and differences between groups were compared using the Mantel-Cox test statistic. Short-term survival was evaluated censoring all patients at 100 days after enrollment. Comparisons of patient characteristics between the two study groups were performed using a x' statistic. All analyses were performed by intention-to-treat according to the randomized assignment.
RESULTS
Of 472 BMT procedures performed at the University of Minnesota between January 1992 and March 1994, 47 patients met the criteria for entry, consented, and were enrolled in this randomized trial. Their clinical characteristics are shown in Table   1 . The groups included 15 related-donor allogeneic transplant recipients (of 167 transplanted within the same time interval); 22 unrelated-donor recipients (of 13 1 transplanted), and 10 autologous recipients (of 174 transplanted). Of the 47 patients, 23 received GM-CSF for 14 days, and 24 received GM-CSF for 7 days followed by G-CSF for 7 days. Forty (85%) recovered (ANC 250O/pL) between 1 and 61 days after initiation of cytokine therapy (median, 8 days). Seven patients were censored from analysis at the time of reinfusion of supplemental marrow (three recipients of allogeneic related donor and four unrelated donor marrow).
There were similar rates of neutrophil recovery in those Includes non-Hodgkin's lymphoma (n = 6). myelodysplastic synt Includes aplastic anemia (n = 4) and hypereosinophilic syndrome dromes (n = 3). and neuroblastoma (n = 1).
(n = 1).
treated with GM-CSF alone and those treated with GM-CSF + G-CSF (P = .39; 
+. 16% of those receiving GM-CSF + G-CSF ( P > S ) .
Recovery to red cell transfusion-independence was delayed but occurred between 6 and 250 days after enrollment (median, 35 days). There was no difference between the two treatment arms (P = .24). Recovery to platelet transfusionindependence was also delayed and occurred between 4 and 249 days after enrollment (median, 35 days), but the two treatment arms were similarly effective (P = .38; Fig 1) .
Survival. We next evaluated survival over the first 100 days after enrollment. We observed a statistically significant advantage ( P = .026) favoring GM alone versus GM-CSF + G-CSF. Only 1 of 23 GM-CSF patients died (at day +34) after enrollment versus 7 of 24 GM-CSF + G-CSF patients who died between days 16 and 84 (median, 38 days) after enrollment (Fig 2) . The primary and secondary causes of death in all eight patients who died were directly related to graft failure, including hemorrhage and infection in six of eight patients (Table 3) . Of the patients who died, the one receiving GM-CSF alone had undergone an allogeneic related-donor transplant, while the seven GM-CSF + G-CSF deaths occurred in one of five autologous and two of seven related-donor allogeneic transplants and 4 of 12 unrelated donor transplants. Deaths attributable to infection occurred 20 to 84 days after study entry and cannot be ascribed to differences in active infections at study entry. five of the seven planned doses of GM-CSF during the first treatment week, 19 of 23 received at least five of the seven randomly assigned GM-CSF doses, and 20 of the 24 received at least five of the planned seven G-CSF doses. Of those 10 patients who received less than the scheduled therapy, eight were stopped according to protocol because neutrophil recovery made cytokine therapy no longer necessary. No significant adverse reactions (eg, fevers, rash, serositis, bone pain) led to discontinuation of either GM-CSF or G-CSF on either treatment arm. Graft-versus-host disease (GVHD) was similarly frequent in both treatment arms. Fourteen of the 18 allogeneic transplant recipients receiving GM-CSF and 16 of 19 receiving GM-CSF + G-CSF developed acute GVHD.
DISCUSSION
Bone marrow graft failure or poor hematologic function after BMT is frequent, can contribute to greater post-BMT mortality, and often complicates and prolongs hospitaliza- tion, thus increasing treatment costs.'.' in a retrospective evaluation of delayed engraftment at our institution that preceded initiation of this trial, of S91 patients transplanted, 196 (33%) had not achieved an ANC ?SOO/yL by 28 days after BMT. This one-third rate of delayed hematologic recovery (defined by a less stringent endpoint than that of the current study) was similar in all three cohorts (autologous, related-donor, and unrelated-donor BMT) before hematopoietic growth factors were available as therapeutic tools. However, we also observed that 6-month survival was equivalent for those with or without neutrophil recovery to zS00/pL by day 28 (70% v 62%, respectively; P = . l 8). although hospital stay was often prolonged secondary to persisting neutropenia. With that institutional background data available, we initiated the current trial in which we evaluated sequential therapy of GM-CSF followed by G-CSF cornpared with GM-CSF alone to reduce the early morbidity and improve survival for patients with graft failure.
Numerous reports suggest that several hematopoietic growth factors, including GM-CSF, G-CSF, 1L-la, 1L-3, and some growth factor combinations can accelerate engraftment when used immediately after BMT""".'X.''.27.'h.'7 although data demonstrating improvements in survival after growth factor administration are limited. In contrast, only a few reports describe the use of growth factors for treatment of delayed hematologic recovery or secondary graft failure. For example, Nemunaitis et all' first reported that 21 of 37 patients responded to GM-CSF administered for graft failure and suggested superior 100-day and l-year survival rates in the GM-CSF-treated patients compared with institutional historical controls. Similar results with growth factor therapy for delayed engraftment have been reported by others using either GM-CSF or G-CSF,'2"4 but no conclusive data are available comparing GM-CSF to G-CSF for acceleration of hematologic recovery after t r a n s p l a n t a t i~n .~~~'~~~ Therefore, we initiated the comparative trial reported herein.
Current understanding of the physiologic maturation of hematopoietic cells suggests that GM-CSF-primed progenitors may be more susceptible to secondary stimulation with G-CSF. In addition to the early reports and Food and Drug Administration-licensed indications for the use of GM-CSF for graft failure, we reasoned that the known endogenous high circulating levels of G-CSF (but not GM-CSF) in the plasma accompanying post-BMT n e u t r~p e n i a *~-~~ and the sequential and potentially synergistic role these two factors have in stimulating hematopoietic differentiation and proliferation suggested that GM-CSF as primary therapy followed by G-CSF might effect superior recovery and reduce the morbidity and mortality associated with delayed engraftment.
Somewhat disappointingly, within this trial both treatments produced similar rates of trilineage hematologic recovery after initial graft failure. Compared with GM-CSF alone, sequential therapy with GM-CSF followed by G-CSF was of no advantage in stimulating more rapid or more frequent neutrophil recovery, while red cell and platelet transfusion-dependence persisted for a median of 5 weeks after enrollment. The observation that this delayed erythrocyte and platelet transfusion-dependence persisted for many weeks in many patients indicates that additional measures are needed beyond either single or sequential growth factor therapy to satisfactorily promote trilineage hematologic recovery in those with initially poor graft function.
Importantly, a significant difference in 100-day survival was observed favoring GM-CSF alone as compared with sequential therapy with GM-CSF + G-CSF. The primary and secondary causes of death were related to graft failure in all patients and can in no way be attributed to treatment with G-CSF during the second therapeutic week, and we can offer no sound explanation for this observed difference. However, there were no findings observed in this trial that favored changing growth factor treatment to G-CSF after the first week of GM-CSF. Because neither hematologic recov- ery of red cells, neutrophils, or platelets nor survival favored GM-CSF + G-CSF, this sequential cytokine therapy cannot be accepted as advantageous, at least in this dose and schedule. GM-CSF treatment for delayed engraftment should remain the standard against which other, newer growth factors, sequential treatments, or combination therapies are tested. Finally, it must be remembered that in addition to hematopoietic growth factors that should be initiated promptly if engraftment delay is suspected or observed, strong consideration must be given to second marrow infusion if engraftment delay persists. In the current report, 80%+ of all patients who eventually responded with satisfactory neutrophil recovery did so within 21 days of growth factor therapy (usually by day +42 post-BMT). We have previously reported that second infusions of bone marrow after graft failure have led to successful engraftment in over half of patients, and 24% of reinfused patients survive at 1 year.25 Although still disappointing, these data show the demonstrable value of second marrow infusion as a legitimate therapeutic intervention when recombinant cytokine therapy is unsuccessful.
